Gene transfer to and correction of hematopoietic stem cells (HSCs) are ideal strategies to cure a number of congenital and acquired disorders. However, transgene products may trigger immunological rejection of modified cells, limiting their therapeutic benefits. Preclinical and clinical data indicate that myeloablative total body irradiation (TBI) allows for efficient engraftment and tolerance to gene-modified HSCs. In contrast, myeloablative chemotherapy using busulfan or similar agents is only sufficient to induce tolerance to genemodified HSCs producing no or non-immunogenic protein.
If cells are modified to produce a protein that is xenogenic or congenitally absent in the patient, additional immunosuppression may be required to prevent an immunological reaction to the transduced cells. New gene editing and in vivo gene therapy techniques could pose additional immune concerns compared to ex vivo gene therapy methods. This review is intended to guide the design of conditioning and immunosuppression therapy in HSC-targeted gene therapy, as well as gene editing.
INTRODUCTION
Hematopoietic stem cell (HSC) transplantation is an established strategy to treat or cure a number of congenital and acquired disorders. However, allogeneic HSC transplantation is limited by a lack of suitable donors and significant risk of morbidity and mortality arising from opportunistic infection, graft failure, and graft-versus-host disease (GVHD). In recent years, autologous HSC-targeted gene therapy has emerged as an alternative to allogeneic HSC transplantation for primary immunodeficiencies, hemoglobinopathies, storage and metabolic disorders, congenital cytopenias, and stem cell deficiencies. [1] [2] [3] [4] [5] [6] [7] [8] In HSC gene therapy, autologous bone marrow or mobilized peripheral blood cells are collected and purified to obtain a CD34 + fraction, and these cells are transduced with retrovirus-based vectors encoding the therapeutic gene of interest. Modified cells are then infused back to patients following preparative conditioning consisting of chemotherapy. 9 Engrafted HSCs are capable of producing corrected blood cells of multiple lineages over the patient's lifetime, thereby providing a one-time cure. By employing autologous cells, gene therapy also overcomes the need for a histocompatible donor, risk of GVHD, and requirement for long-term immunosuppression.
The first successful gene therapy trial was reported in 2000 for the treatment of X-linked severe combined immunodeficiency (X-SCID). 6 The impressive results obtained in these early trials can be primarily attributed to the young age of the patient cohort and selective advantage of gene-modified cells in immunocompromised patients, allowing for phenotypic correction with even low levels of transduction. In contrast, gene therapy for other disorders must overcome additional barriers, such as the need for high-level gene marking and engraftment of gene-modified cells and the presence of a competent immune system. While the use of autologous cells in gene therapy avoids the more severe immune complications associated with allogeneic HSC transplantation, transgene-encoded proteins may be recognized as foreign by the patient's immune system, potentially leading to the elimination of transduced cells. Indeed, immunoresponses to transgenic proteins and vector-derived elements have been reported in multiple preclinical and clinical settings. [10] [11] [12] [13] [14] Therefore, predicting and ameliorating immunoresponses to gene-modified HSCs is necessary for successful gene therapy.
For the development of cellular immunity to genetically modified HSCs, peptides derived from intracellular transgene elements are processed and presented by major histocompatibility complex (MHC) class I molecules to T cells, thereby generating T cell immunoresponses to transgene-expressing cells. In addition, transgenic proteins can be processed by antigen-presenting cells and displayed by MHC class II, leading to activation of B-cell-mediated humoral responses with transgene-specific antibody production. When immunological rejection occurrs against transduced cells expressing intracellular GFP, both GFP-specific cytotoxic T lymphocyte (CTL) responses and antibody production are observed in a rhesus gene therapy model. [15] [16] [17] [18] Both cellular and humoral immunoresponses are associated with HSC-targeted gene therapy; however, the type and strength of immunoresponses may depend on multiple factors, such as localization and immunogenicity of transgene products as well as tissue specificity and levels of transgene expression.
Specific tolerance to allografts or xenografts in recipients can be induced following transplantation of allogeneic or genetically modified HSCs. [19] [20] [21] [22] [23] [24] The establishment of molecular chimerism in recipients leads to the development of tolerance through either central or peripheral mechanisms. 19 However, reports of immunoresponses to genetically modified HSCs indicate that immunosuppression may be necessary to permit engraftment of HSCs before long-term tolerance to the transgene is established. High-dose total body irradiation (TBI), which is both myelosuppressive and immunosuppressive, has been shown to produce stable engraftment of gene-modified HSCs (Figure 1A ). [25] [26] [27] When employing busulfan conditioning, which is primarily myelosuppressive, the degree of dissimilarity between unmodified and modified cells appears to dictate the likelihood of a transgene-specific immunoresponse. 17 Myeloablative busulfan conditioning alone permits engraftment of HSCs expressing minimally immunogenic proteins, but it does not necessarily prevent immunoresponses to xenogenic or congenitally absent proteins. In these situations, additional immunosuppression may be necessary. 17 
Conditioning for Robust Engraftment and Specific Tolerance to Transgenes
In allogeneic HSC transplantation, conditioning serves two purposes: myelosuppression, to open bone marrow niche space for transplanted cells to engraft, and immunosuppression, to prevent graft rejection ( Figure 1A ). 28 Myelosuppression and immunosuppression are traditionally accomplished by TBI and chemotherapy drugs. Myeloablative doses of conditioning are used in allogeneic transplantation for the treatment of hematologic malignancies, in which it is necessary to deplete malignant cells as thoroughly as possible and to suppress the immune system for donor cell engraftment. Originally, conditioning was thought to be redundant in the context of gene therapy as this method employs autologous cells, which were thought to be incapable of triggering an immunoresponse. The first clinical trials did not use any myelosuppressive or immunosuppressive agents; however, these attempts uniformly failed to achieve any phenotypic correction due to no or extremely low engraftment of modified cells. [29] [30] [31] [32] Engraftment of donor cells in allogeneic HSC transplantation can be enhanced by alloimmune reaction, whereas engraftment of donor cells in autologous gene therapy can only be facilitated by increasing the cell dose or removing resident HSCs ( Figure 1B ). Significant levels of gene marking have been obtained in mice transplanted without conditioning, but this approach required clinically prohibitive cell numbers. [33] [34] [35] It is now accepted that some level of HSC depletion is needed for therapeutic levels of engraftment. The amount of myelosuppression and immunosuppression needed in gene therapy applications is dependent on the biology of the disease being targeted. For the treatment of immunodeficiencies, minimal myelosuppression can be used due to the survival advantage of corrected cells, but for hemoglobinopathies and lysosomal storage disorders, myeloablative doses of conditioning are needed. 36 The necessity of immunosuppression in autologous gene therapy remains an open question. Autologous donor cells may be recognized as self by the patient's immune system, or immunoresponses to the therapeutic transgene or other introduced elements may develop, leading to rejection of gene-modified cells.
Reports of anti-transgene immunity to lymphocytes transduced with herpesvirus thymidine kinase and hygromycin phosphotransferase fusion and neomycin phosphotransferase (neo) gene products in early clinical gene therapy trials prompted further investigations into the use of HSC gene therapy to induce specific tolerance to foreign transgenes. 10, 12 To examine the relationship between immunoresponses to transduced cells and their in vivo persistence, rhesus macaques were transplanted with autologous peripheral blood lymphocytes transduced with g-retroviral vectors containing an expressed or non-expressed neo gene ( Figure 1C ). Consistent with earlier clinical observations, neo-expressing lymphocytes were eliminated from circulation, while lymphocytes containing the non-expressed version of the gene persisted up to 1 year. In animals that were transplanted with CD34 + cells transduced with a neo-expressing vector, infusion of neo-expressing lymphocytes did not lead to rejection of these cells. 18 In another study, macaques demonstrating stable, multilineage engraftment of EGFP-expressing CD34 + cells following myeloablative conditioning were repeatedly immunized with soluble GFP protein. Anti-GFP humoral and cellular responses that increased with each immunization were observed in non-transplanted animals but not in transplanted animals with GFP marking. 15 These findings support the notion that HSC transplantation can contribute to longterm tolerance to foreign transgenes.
In contrast, other groups have observed elimination of genetically modified HSCs due to anti-transgene immunity. A gene therapy study performed in a canine mucopolysaccharidosis type I (MPS I) model reported immunological elimination of transplanted bone marrow cells expressing a therapeutic a-L-iduronidase gene. 13 The outcome in this study is likely explained by the lack of conditioning prior to transplantation. The rhesus macaques that developed tolerance to GFP following gene therapy received a myeloablative dose of TBI prior to transplantation, which may have permitted the initial engraftment of modified HSCs during the period when tolerance to the foreign protein product was being established. However, at least one study reported immunoresponses to GFP-and enhanced yellow fluorescent protein (YFP)-expressing HSCs in baboons that had undergone myeloablative TBI (10.2 Gy) prior to transplantation. 37 The authors attributed this result to the use of a lentiviral vector for the transduction, but numerous other studies employing lentiviral vectors have achieved stable engraftment of GFP-and YFP-expressing cells in primate models following myeloablative TBI (Figure 1C) . 26, 38 It is possible that sufficient immunosuppression was not achieved in these animals.
Reduced Intensity Conditioning (RIC) Does Not Prevent Immunoresponses to Foreign Transgenes in Large Animal Models
The toxicity associated with TBI prompted the development of RIC regimens in allogeneic transplantation and autologous gene therapy for inherited disorders, in which side effects are less tolerable than in the treatment of hematologic malignancies. 36 Early experiments in mice showed that syngeneic Sca-1 + cells engraft efficiently using a RIC regimen. 39, 40 Another group demonstrated that in mice, radiation doses as low as 1 Gy permit engraftment and tolerance to neo-and GFP-expressing HSCs. 41 In rhesus macaques, low-dose irradiation (5 Gy) followed by transplantation of CD34 + cells transduced with a neo-containing g-retroviral vector resulted in up to 12% gene marking. 42 Further experiments in nonhuman primates and clinical trials confirmed that when combined with high-efficiency gene-transfer methods, RIC could engraft HSCs at levels that would be therapeutically significant for some disorders. 43 Despite these successes, other studies in large animals reported immunoresponses to transgenes when using lower doses of TBI. 16 Rhesus macaques that underwent nonmyeloablative irradiation (2.4 Gy) prior to CD34 + cell transplantation with g-retroviral GFP transduction developed strong GFPspecific CTL and antibody responses, leading to elimination of transduced cells. 16 In contrast, the same group observed sustained circulation (4-6 months) of cells (5%-10%) expressing murine CD24 using a slightly higher nonmyeloablative regimen of 3.2 Gy. 44 The different outcomes could be explained by the similarity between murine and rhesus CD24, compared to GFP, which is completely foreign. 17 To determine the amount of radiation necessary for engraftment of and tolerance to gene-modified HSCs, TBI dose de-escalation was performed in a rhesus gene therapy model with lentiviral GFP transduction. 45 Larger doses of TBI were associated with higher in vivo gene marking levels, evaluated by both GFP-positive percentages and vector copy numbers (VCNs). However, at levels utilized for reduced intensity conditioning (4 Gy), immunoresponses to GFP were observed ( Figure 1C ). GFP-positive percentages (%GFP) were transiently elevated to >90% in granulocytes at 1-3 months posttransplant and subsequently reduced to undetectable levels. 45, 46 When >90% GFP was detected in granulocytes, the GFP localization pattern (several punctate, intense GFP signals in granulocyte cytoplasm) differed from the even GFP signal observed in lentivirally transduced cells with stable GFP marking and could be due to internalization (phagocytosis) of GFP protein by granulocytes. 17 A positive mixed lymphocyte reaction (MLR) assay to GFP-positive autologous cells and anti-GFP antibody production remained detectable after %GFP decreased to undetectable levels, indicating both cellular-and humoral-mediated immunity to GFP after 4 Gy TBI conditioning. 45, 46 Furthermore, lower doses of TBI were associated with increased anti-GFP antibody production. 36 These data demonstrate that myeloablative doses of TBI are required for efficient engraftment of and tolerance to gene-modified HSCs, except in diseases in which gene-modified cells have a survival advantage. Despite the frequent observation of anti-transgene immunity when using low-dose TBI, the necessity of immunosuppression remained unclear in these studies because TBI is both potently myeloablative and immunosuppressive.
Busulfan Conditioning Allows for Engraftment of Gene-Modified Cells Expressing a Non-immunogenic Transgene
In allogeneic HSC transplantation for nonmalignant disorders and in current gene therapy trials, myeloablation is more commonly accomplished using chemotherapy drugs such as busulfan or melphalan rather than TBI due to their reduced toxicities. While TBI has both myeloablative and immunosuppressive effects, busulfan and its analogs are mainly myelosuppressive, with minimal effect on the lymphoid compartment. Therefore, these agents must be combined with additional immunosuppression in allogeneic transplantation settings. 47, 48 By the same rationale, busulfan conditioning alone should not abrogate immunoresponses to foreign transgenes in the context of autologous gene therapy. Studies performed using mouse and nonhuman primate models established that busulfan conditioning provides sufficient myelosuppression to allow engraftment of lentivirally transduced HSCs, with gene marking increasing in a dose-dependent manner. [49] [50] [51] [52] None of these initial studies reported the development of an immunoresponse to modified cells.
Another study on rhesus macaques evaluated whether the combination of busulfan and fludarabine would permit engraftment of and tolerance to HSCs transduced with lentiviral vectors containing GFP, which is immunogenic in these animals without conditioning. 16 Both humoral and cellular immunity were observed to GFP in busulfan-conditioned animals, but GFP-transduced CD34 + cells were not completely eliminated. 51 Immunoresponses were not observed to control cells containing a non-expressed DNA sequence tag. Due to differences in rhesus and human pharmacokinetics, fludarabine was excreted rapidly, and therefore its effects on tolerance induction could not be assessed, emphasizing the importance of performing appropriate dosage studies to obtain clinically predictive results in animal studies. 51 A more recent study in rhesus macaques determined that myeloablative busulfan conditioning alone was sufficient for engraftment of human g-globin-transduced HSCs, but it did not prevent rejection of GFP-transduced cells ( Figure 1C ). 17 Therefore, busulfan conditioning alone may be insufficient when transduced cells produce xenogenic or congenitally absent proteins.
Post-transplant Immunosuppression for Prevention of Transgene-Specific Immunity
Immunosuppressive agents are given in combination with busulfan conditioning in allogeneic transplantation to prevent GVHD. Commonly used drugs include cyclosporine, tacrolimus, sirolimus, mycophenolate mofetil, and abatacept, which all act by inhibiting T cell activation. 53 A number of these agents have shown some efficacy in preventing and inhibiting immunoresponses to foreign transgenes in preclinical and clinical gene therapy. 17, [53] [54] [55] [56] [57] In dogs transplanted with GFP-transduced HSCs, post-transplant cyclosporine prevented the development of immunoreactions to transgene products, which led to the elimination of transduced cells in noncyclosporine-treated animals. 55 Similarly, addition of abatacept (CTL-associated antigen 4 immunoglobulin [CTLA4-Ig]) and sirolimus (mammalian target of rapamycin [mTOR]) to myeloablative busulfan conditioning permitted engraftment of GFP-transduced cells in rhesus macaques ( Figure 1C ). 17 Whereas immunosuppressive drugs at least temporarily prevented the development of immunoresponses in unprimed hosts, these drugs did not prevent immunoresponses to transplanted HSCs in animals demonstrating preexisting anti-transgene immunity. 13, 54 These observations have implications for HSC-targeted gene therapy in disorders where patients may have preexisting immunity to the transgenic protein from enzymereplacement therapy. 58 Furthermore, in studies that have successfully inhibited immunoresponses to foreign transgenes using immunosuppressive drugs, responses have sometimes developed after drug delivery was terminated. Therefore, conventional immunosuppressive regimens appear insufficient for inducing long-term tolerance to certain transgenes, although modulations in drug dosage and duration could potentially achieve this goal.
Clinical Findings in Gene Therapy Trials
Following several early setbacks, HSC-targeted gene therapy has been used to treat b-thalassemia, sickle cell disease (SCD), X-SCID, adenosine deaminase (ADA) deficiency, Wiskott-Aldrich syndrome (WAS), X-linked chronic granulomatous disease (X-CGD), MPS I, leukocyte adhesion deficiencies I and II (LAD1/2), cerebral adrenoleukodystrophy (ALD), cystinosis, Fabry's disease, and Fanconi anemia. 1, 30, 59, 60 The success observed in many of these trials has been contingent on continuous improvements over the years in HSC collection and transduction conditions, 61 gene delivery vectors, 45 and conditioning protocols. 36 The first clinical trials used g-retroviruses for gene transfer, but these vectors were found to carry a risk of insertional mutagenesis due to a preference for insertion near promoter regions, which can be activated by viral enhancers. 62, 63 Selfinactivating (SIN) lentiviral vectors derived from HIV-1 are now used almost exclusively in current clinical applications, owing to their reduced genotoxicity and ability to transduce nondividing cells. 64 In addition, most clinical trials use myeloablative chemotherapy to condition patients prior to transplantation. A notable exception to both of these trends is in trials for immunodeficiencies, in which the efficacy and safety of improved g-retroviral vectors and nonmyeloablative conditioning regimens have been established. 3, 4, [65] [66] [67] While immunological rejection of transgenes has occurred in other gene therapy settings, this phenomenon has not been conclusively observed in HSC-targeted clinical gene therapy trials to date. That immunological rejection of transduced HSCs has been reported in preclinical but not clinical gene therapy may reflect differences between the inherent immunogenicity of the transgenes and conditioning regimens that tend to be used in these respective settings. 17 Most preclinical gene therapy studies utilize GFP to measure gene marking, due to its increased ease and accuracy of interpretation compared to vector-encoded drug-resistance genes or PCR-based methods. However, GFP is known to be highly immunogenic in mice, dogs, and nonhuman primates. 14, 16, 55, 68 Therefore, many of these experiments rely on high-dose TBI to provide immunosuppression as well as myelosuppression, despite its lack of current use in human gene therapy. In clinical settings, the transgene is typically a human gene rather than a foreign gene such as GFP. A recent study in rhesus macaques showed that myeloablative busulfan was sufficient for long-term engraftment of human g-globin-expressing lentivirally transduced CD34 + cells, but not GFP-expressing cells. 17 Similarly, in gene therapy trials for SCD and b-thalassemia, rejection of therapeutic bT87Q-globin has not been observed, likely because it differs from intact b-globin by only one amino acid. 7, 8 With respect to the requirement for immunosuppression, it may be important to distinguish between disorders in which a protein is altered, as in SCD, and disorders in which a protein is congenitally absent, as in many metabolic disorders. In a recent gene therapy trial for ALD, a lysosomal storage disorder caused by mutations in the ABCD1 gene, myeloablative busulfan conditioning and immunosuppression with pre-transplant cyclophosphamide allowed for successful engraftment of CD34 + cells transduced with ABCD1 cDNA-containing lentiviral vectors. 69 However, in a similar trial for the lysosomal storage disorder metachromatic leukodystrophy, patients were conditioned using myeloablative busulfan alone. All patients displayed reconstituted arylsulfatase A (ARSA) production following transplantation and even without additional immunosuppression tested negative for ARSA and HIV-1 p24-specific antibodies. 60 Notably, a trial for X-CGD was amended to add sirolimus to a myeloablative busulfan regimen after one patient displayed rapid loss of transduced cells post-transplantation. The investigators found no direct evidence of immunity to the gp91 phox transgene in this patient, although a patient subsequently transplanted on the amended protocol displayed higher levels of marked cells. 70 
Immunoresponses in Preclinical HSC-Targeted Gene Editing
Gene transfer using retrovirus-based vectors is effective and has been successfully used in multiple clinical settings. 2, 7, [71] [72] [73] [74] Despite these benefits, viral vectors integrate at unpredictable locations in the genome, which can lead to insertional mutagenesis and altered transgene expression patterns. 75 In contrast, gene editing technologies allow modifications to be performed at a predetermined site, potentially reducing the risk of mutagenesis and allowing for maintenance of endogenous gene expression patterns. Gene editing is accomplished using programmable endonucleases, including zincfinger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs), and the CRISPR/Cas9 system, which is the latest and most popular method. These tools work by inducing sitespecific DNA cleavage, thereby activating double-stranded break repair via either the non-homologous end joining (NHEJ) or homology-directed repair (HDR) pathways. The use of nucleases greatly enhances rates of HDR with donor DNA, making correction of disease-causing mutations feasible. 76 Strategies to disrupt genes using NHEJ and to correct or insert genes using HDR are both in preclinical development. [77] [78] [79] In both HSC-targeted gene editing using programmable nucleases and in gene therapy using viral vectors, autologous CD34 + HSCs are genetically modified ex vivo prior to transplantation. Therefore, conditioning and immunosuppression regimens developed for gene therapy should theoretically permit engraftment of gene-edited CD34 + cells. Similar to virally transduced CD34 + cells, gene-edited CD34 + cells should be tolerated following myeloablative busulfan conditioning; however, if edited CD34 + cells produce a neo-antigen, additional immunosuppression may be needed to prevent rejection of edited cells. In addition to the nature of the genetic manipulation, the potential immunogenicity of gene editing tools themselves must also be considered. Nucleases including ZFNs, TALENs, and Cas9 are foreign proteins and therefore may stimulate immunoresponses. Because CD34 + cells are only temporarily exposed to these proteins in ex vivo gene editing strategies, the likelihood that enough protein will remain to stimulate an immunoresponse in vivo seems low. In gene therapy with ex vivo lentiviral transduction, viral proteins such as capsid, integrase, reverse transcriptase, and protease are also temporally exposed to CD34 + cells, and immunological reactions to these proteins do not form when myeloablative conditioning is used. Thus, additional immunosuppression may be unnecessary to prevent immunoresponses to the nucleases exposed in ex vivo geneedited HSCs.
While gene editing tools are unlikely to stimulate immunoresponses when used for ex vivo gene modification, they are more likely to do so when used to directly edit cells in vivo, as observed during in vivo liver-directed gene therapy for protein deficiencies. 80 At present, gene modification of HSCs using viral vectors or gene editing tools is only clinically approved for ex vivo gene transfer. However, in vivo genetic modification of HSCs is under active investigation. 81 In gene editing with the CRISPR/Cas9 system, the Cas9 gene is typically delivered using a viral vector, which possibly results in continuous nuclease expression in immunocompetent hosts. Whether intracellularly expressed Cas9 would stimulate immunoresponses was previously unknown, but pre-existing anti-Cas9 immunity was recently discovered in healthy human blood samples. 82 Direct lysing of Cas9-expressing cells was not shown in this study, but the presence of antibodies and cellular immunity to Cas9 implies that cells modified to express this protein could be destroyed. 82, 83 Furthermore, overcoming pre-existing immunity is more difficult than preventing it in naive individuals. Recognition by Cas9-specific antibodies as well as CTLs may potentially reduce efficiency of homing and engraftment of gene-edited HSCs. Experiments in immunocompetent large animal models are needed to assess these issues further, but any immunological challenges presented by gene editing should not be fundamentally different from those already observed in the gene Review therapy field. Therefore, similar strategies to mediate them can likely be employed, such as adjusting the conditioning and immunosuppression regimen or delivery route.
Conclusions
Immunological responses to foreign transgenes are well documented in preclinical and clinical gene therapy studies. At present, immunological rejection of genetically modified HSCs has not been conclusively reported in human patients, although there is evidence from large animals and suggestions in at least one clinical trial that this could occur in some settings. The infrequency with which this phenomenon is observed in HSC-targeted gene therapy can be explained by a number of factors, perhaps most importantly the ability of transduced HSCs to confer transgene-specific tolerance to successfully transplanted recipients. While the risk of rejection on the basis of transgene immunity appears to be lower in ex vivo HSC gene therapy than in other forms of gene therapy, the immunogenicity of the transgene in its disease-specific context must be carefully considered when designing conditioning and immunosuppressive regimens for clinical trials. Recent preclinical developments in HSC-targeted gene therapy, such as gene editing and in vivo gene therapy, are likely to pose additional immunological concerns than the ones directly assessed in the studies reviewed herein. Going forward, clinically predictive nonhuman primate experiments will continue to be critical for studying the potential immunogenicity of modified HSCs. The field of gene therapy has successfully overcome many barriers to clinical application, with patients beginning to see therapeutic benefits in recent years. There is every reason to believe that the potential immunogenicity of genetically modified HSCs can be countered with similar ingenuity.
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